''The intuitive mind is a sacred gift and the rational mind is a faithful servant. We have created a society that honors the servant and has forgotten the gift.'' Albert Einstein, a casualty of aneurysm rupture
The mechanism of action of the Multilayer Flow Modulator (MFM; Cardiatis, Isnes, Belgium) in the treatment of abdominal aortic aneurysm (AAA) still remains elusive to most endovascular specialists. The crosslinks between pressure, wall stress, shear stress, wall displacement, blood flow vortex development, and aneurysm wall dysplasia are concepts that are not commonplace in the clinical vernacular. In the absence of a keen understanding of biomechanics, common practice dictates that one should adhere to a more simplified measure of rupture risk and so maximum aortic diameter remains the parameter most commonly used to determine rupture risk. An arbitrary line of 5.5 cm has been drawn for aortic diameter, beyond which the risk of rupture is such that intervention is required to prevent death. However, experienced clinicians can attest to the fact that the majority of elective aneurysm repairs are in patients whose aortic diameters far exceed the 5.5cm threshold. In fact, aneurysms with diameters more than double the cutoff value remain intact prior to elective repair, while on the other hand, up to 23% of aortic aneurysms have been reported to rupture at diameters below 5 cm. [1] [2] [3] [4] [5] [6] These inconsistencies lead one to believe that a 2-dimensional (2D) marker such as diameter may be too basic a measure and really only of historic relevance.
Mounting evidence suggests that an aneurysm growth rate based on 3-dimensional (3D) volume measurements of the AAA and intraluminal thrombus (ILT) is significantly associated with the need for aortic repair, while the same does not hold for growth rates determined by 2D indices of maximum diameter and ILT thickness. 7 Further still, more sophisticated tools, such as finite element (FE) modeling, computational fluid dynamics (CFD), and individualized fluid suture interaction models using 4-dimensional measurements allow for more patient-specific rupture risk analysis. Although these are not common in clinical practice, these biomechanical tools have confirmed the inaccuracy of aneurysm diameter as a predictor of rupture risk. [8] [9] [10] For example, Fillinger et al. 11, 12 demonstrated that peak wall stress is superior to diameter in assessing rupture risk of patient-specific AAAs. These studies used large cohorts to determine statistical significance of their results and concluded that not only is peak wall stress significantly higher in those cases that ruptured, 11 but it is also superior to diameter in differentiating patients under observation who will succumb to aortic rupture. Several other authors have confirmed these findings. [13] [14] [15] 
EINSTEIN LEGACY
When one of the most influential minds of the 20th century, Albert Einstein, had his AAA wrapped in cellophane by Dr. Rudolph Nissen in December 1948, the repair ultimately failed and he died from rupture in April 1955. The fundamental error in this treatment modality was the presumption that the biomechanical properties of the abdominal aorta would conform to the law of Laplace, which states that the larger the vessel radius, the larger the wall tension required to withstand a given internal fluid pressure.
However, the application of the law of Laplace to an aortic aneurysm has two major flaws; first, the aorta is not a homogenous, spherical, uniform shape of a constant radius of curvature for which the law of Laplace is valid. Rather, the geometry of the aneurysm wall is complex and varies spatially. 16, 17 AAA wall tissue is characterized by hyperelastic/ viscoelastic material properties and significant anisotropy. Secondly, the rupture potential is highest where the ratio of peak wall stress to peak wall strength is higher. Therefore, the maximum diameter criterion to predict rupture risk ignores the important roles of vessel wall topography, geometry, wall stiffness, intraluminal thrombus thickness, calcification, iliac bifurcation angle, rate of aneurysm growth, and peak wall stress. 11, 12, 15, 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] 
WHY ANEURYSMS EXPAND AND RUPTURE
The pathophysiology of aneurysmal disease is characterized by thinning of the aortic media resulting from proteolytic injury to the extracellular matrix and to smooth muscle cell senescence and apoptosis, allowing further proteolytic injury leading to dilation and rupture. [27] [28] [29] [30] [31] [32] [33] Aneurysms of the aortic root and ascending aorta are most commonly related to cystic medial degeneration. On the other hand, inflammation and oxidative stress appear to play more of a key role in the development and progression of aneurysms of the descending thoracic and abdominal aorta. 34 However, in addition to atherosclerotic factors, certain hemodynamic factors must be considered as acting in a synergistic fashion with atherosclerotic degeneration in the development of aortic disease and rupture risk. 35 The development of aortic aneurysm results in elevated wall stresses and disturbed hemodynamics. 36 The geometry of the normal healthy aorta does not vary greatly from patient to patient and as a result wall stresses would not be expected to vary. On the other hand, it has been shown that large variations exist in aneurysm geometries and thus there are large differences in wall stress, 36, 37 with some studies demonstrating aneurysms with 3 times greater wall stress than the normal aorta. This increase can be attributed to the larger size, larger curvature, and stiffer wall of the aneurysm compared to normal aorta.
The mechanical forces that contribute to aortic remodeling are 3 distinct fluid-induced forces: (1) pressure created by hydrostatic forces, (2) circumferential stretch exerting longitudinal forces, and (3) shear stress created by the movement of blood. The net force includes a component perpendicular to the wall, the pressure, and a component along the wall, the shear stress. Disturbed flow conditions, such as turbulence, contribute to aneurysm growth by causing injury to the endothelium and accelerating degeneration of the arterial wall. Areas of flow oscillation and extremes in shear stress (high or low) correlate with development of atherosclerosis and ultimately aneurysm formation or dissection in the aorta. 38, 39 The balance between positive and negative stresses determines aortic disease progression. For example, laminar shear stress increases expression of superoxide dismutase and endothelial nitric oxide synthase in cultured human endothelial cells, whereas turbulent shear stress does not induce these protective genes.
Aortic aneurysms do not rupture because of tension, pressure, or dispensability, i.e., increase in sac diameter. Rather, it is when the stress on the aortic wall at a vulnerable point exceeds the wall's strength, i.e., the ability of the wall to withstand that stress. The development of flow vortices increases peak wall stresses and alters viscoelasticity, plasticity, and cellular wall activity; this in turn leads to damage at a particular point on the aneurysm wall. Studies done by White et al. 40 on the pathogenesis of adventitial elastolysis as the primary event in aneurysm formation demonstrated elastin damage by the turbulence of flow vortices acting on the aortic wall (Fig. 1) . The continuous local vortex produces wall damage through a very low but persistent shear stress of~0.4 mmHg or 50 Pascal.
Rupture Potential Index
Vorp et al. 41 calculated the rupture potential index (RPI) for aortic aneurysms, which is the ratio of acting wall stress to the wall strength at a particular point on the aneurysm wall. They and others found that the RPI is elevated in ruptured aortic aneurysm. 41, 42 A significant differentiation of rupture risk by RPI was found for aneurysm diameters ranging between 55 and 75 mm in both asymptomatic and ruptured aortic aneurysm, whereby the maximum diameter criterion failed to adequately predict risk. 42 
MFM BIOMECHANICS
The MFM is a 3D device of interconnected wires that forms a mesh with a specific porosity and permeability (Fig. 2) . The MFM modulation porosity is 60% to 70%, depending on its application for aneurysm or dissection repair or in patients with high thrombus burden.
Differences Between a Stent-Graft and the MFM
The implantation of a stent-graft is theoretically thought to reduce stresses and improve hemodynamics to levels similar to that experienced within a normal nonaneurysmal aorta. However, endovascular aortic repair with stiff, noncompliant stent-grafts creates complications due to drag forces acting on the graft and high aortic neck stresses, with the consequences of stent-graft migration and aortic neck dilatation. 43, 44 Conversely, the MFM avoids such drawbacks, firstly, because its compliance is similar to that of the native aorta and, secondly, because its propensity for rapid endothelialization means that it quickly becomes embedded within the aortic wall. Therefore, the effect of peak wall stress is grossly diminished. 45 
Peak Wall Stress
The Multilayer Flow Modulator directs blood flow along the wall in the same direction as the systemic pressure flow, so the MFM eliminates the damaging flow vortex pressure. Figure 3A depicts the flow in the central lumen of the aneurysm with maximum intra-arterial pressure. At 0.4 mmHg, this pressure is minimal on the wall; however, the turbulence creates a vortex that is transmitted as stress on the AAA wall. Figure 3B demonstrates how the MFM laminates the flow outside the device and along the aneurysm wall in the same direction of the flow, thus eliminating the turbulence and its vortex. Figure 2^The Multilayer Flow Modulator is a mesh of interconnected wires of a specific porosity and permeability.
A study conducted by the National French Institute of Agronomy involved surgical placement of a biosensor on the aneurysm wall in 3 porcine models. They found a 60% reduction in wall stress (Fig. 3C,D) from 120 N/m 2 or 0.9 mmHg to 55 N/m 2 or 0.4 mmHg (unpublished data). An unpublished CFD study of the MFM shows that local turbulent flow vortices are laminated by the MFM, with an 80% reduction in wall displacement from 0.05 lm to 0.01 lm after MFM implantation (Fig. 4) . This results in an immediate 55% reduction in wall stress, which is transferred from the mid-distal aortic wall to the MFM mesh wall (Fig. 3E,F) .
Other studies have also shown that a reduction in peak wall stress occurs when deranged flow vortices are abolished and the flow is laminated to unidirectional vectors (Fig. 4A,B ). 47 These modifications in flow patterns reduce the peak wall stresses, which have been demonstrated to independently predict rupture risk. [11] [12] [13] [14] [15] [16] 
Wall Strength
As demonstrated by Vorp et al., 47 the potential of an aneurysm to rupture depends not only on reducing peak wall stresses but also on increasing wall strength. The factors that have been shown to reduce the integrity of the aortic wall and increase rupture risk include asymmetry, 47 heterogeneity, 48 and reduced compliance or stiffness. 41 The MFM addresses the issues by providing a uniform interface between the aortic wall and the blood flow. However, its favorable compliance means that the MFM is not subjected to the same drag forces 43 or increased pulse wave pressures 49 that conventional endografts undergo.
The MFM protects the aortic wall from malignant stresses by the induction of shear forces, which leads to a reduction in laminar flow and subsequent formation of ILT. This redirection of flow toward the lumen and away from the dilated aortic wall promotes healing and modulation of the dilated aorta. 
Intraluminal Thrombus
The MFM promotes thrombus formation, which causes an initial increase in aortic aneurysm volume post implantation. 45, 46 However, the volume increase does not pertain to rupture; rather, it is an active mechanism by which the body self-modulates healing. Some investigators have postulated that thrombus may affect aneurysm expansion, with diameter having been reported to correlate with the plasma concentrations of fibrin formation and degradation products, 50, 51 as well as with the concentration of the circulating complex plas-min-a2-antiplasmin, 51 which is potentially related to thrombus turnover. Others have suggested that thrombus may be a source of proteases contributing to aneurysm evolution following the initial report of high matrix metallopeptidase-9 activity in thrombus. 33 Some investigators have hypothesized that increasing thrombus thickness leads to local hypoxia at the inner layer of the media, which may induce increased medial neovascularization and inflammation. 21 However, more clinical-based studies have demonstrated a less innocuous 52 or even a positive effect of ILT. 53 Inzoli et al. 54 were the first group to introduce an important concept: that ILT acts to reduce aortic aneurysm wall stress and provides a shielding or buffering effect. Therefore, the effect of the MFM on thrombus formation synergizes its effect on reduction of peak wall stresses.
Endothelialization
One of the most promising effects of the MFM is rapid promotion of endothelialization. The endothelium is the most important cell in the vasculature because of its role in vascular hemostasis, cell-signaling, smooth muscle cell function, and ultimately in arterial healing. 55 The bare metal structure of the MFM provides a framework for neointimal growth without occluding side branches. Endothelialization of bare metal stents occurs via three mechanisms: migration of endothelial cells through the stent struts, migration of endothelial and fibroblastic cells from the adjacent aorta at the margins of the stent, and circulating myofibroblasts. The continued laminar flow into major side branches inhibits this process across the branch ostia and maintains patency of the side branches.
Preclinical animal studies report that the MFM promotes rapid re-endothelialization compared with other commercially available, single-layered, self-expanding and balloonexpandable stents. 56 Clinical studies of an MFM explanted from an aortic specimen demonstrate that the MFM is fully integrated and endothelialized, with patent side branch and no intimal hyperplasia. 57 
Aortic Branches
The versatility of the MFM is its ability to preserve and enhance flow patterns in arterial side branches. The side branches act as a vacuum, augmenting the lamination and abolishing the vortices, which results in rapid shrinkage of the aneurysm and increased side branch flow. FE analysis (unpublished data) of aneurysms with side branches shows that the MFM eliminates damaging erratic flow vortices by redirecting the flow into laminar flow patterns, thereby reducing peak wall stresses on the aneurysm wall, while simultaneously increasing flow into the aneurysm side branches (Fig. 4C,D) .
CONCLUSION
The addition of the MFM to mainstream vascular practice has introduced us to the discipline of bioengineering and compelled us to re-evaluate our core concepts of aneurysm treatment and shift our focus from anatomical to physiological therapies. A lack of understanding of the mechanics of the MFM has produced skepticism and trepidation on the one hand, while on the other hand, it has contributed to the misuse of the device. Human nature dictates that it is these errors that are more widely publicized, rather than the positive outcomes. In order to advance, we need to be open to new concepts. The key components of MFM function are its manipulation of blood flow, preservation and enhancement of flow into arterial side branches, compliance, encouragement of endothelialization, and influence on thrombus formation, all of which reduce peak wall stresses while simultaneously enhancing wall strength and promoting healing.
